Twenty-five years of LOINC (Logical Observation Identifier Names and Codes) and almost 20 years of experience with the implementation of LOINC in Germany -without having so far achieved a binding national definition of or a relevant routine use of LOINC in laboratory data communication. This article sketches the development of LOINC use in Germany since the year 2000 on the basis of grey literature. For the first time, the use of LOINC in Germany is experiencing a significant impetus at the national level: On the one hand, the current health legislation with its stipulations for a legally defined electronic patient record provides the necessary framework for nationwide stipulations; on the other hand, there is a significant impulse from the German Medical Informatics Initiative (MII) out of the medical research field for implementing a uniform LOINC subset. In recognition of the 25 th anniversary of the LOINC nomenclature , the article traces the emergence of LOINC -which is characterized by interactions between European (EUCLIDES, READ, NPU) and US (HL7, LOINC, SNOMED CT) developments and the interplay of various standardization initiatives. Different national definitions and e-health strategies resulting from this history will be a challenge for the future e-health harmonization in the EU. The concerns of medical research and biobanking must be taken into account here, since the standardization of lab data according to international nomenclatures is of utmost importance for them. " [6] -as the first standard for clinical data which has undergone a public balloting and consensus process, in the way it complied with the ASTM policies at that time and thus with the criteria of the American National Standards Institute (ANSI), and in the way HL7 still practices it today in a similar form [7] . ASTM E1238 was incorporated as Chapter 7 in the standard HL7 V. 2.1, the further development of the first version of HL7 published in 1987. In the following years, further work on the standard for laboratory data communication shifted increasingly to HL7; the history of this merging is extensively presented elsewhere [8] . ASTM E1238 successfully addressed the syntax of standardized messages -in the form of the logic of the OBR and OBX segments adopted by HL7 for mapping order and observation -and the thus implicitly associated information model. The semantics were left open for many data elements. For the identification of laboratory testing, the ASTM E1238 standard proposed a relatively simple expansion of the current procedural terminology (CPT codes), which have been published since 1996.
Introduction

LOINC (Logical Observation Identifier Names and Codes)
is an international nomenclature for medical observations and measurements. Its objective is a language-, systemand institution-independent, universally unambiguous identification of medical analyses and descriptive content, which enables computer-aided automated data processing. Originally, LOINC was developed for the identification of laboratory parameters. Although the use of LOINC now extends far beyond this area, LOINC has its special strength in this domain. The catalog of LOINC codes has been publicly available and in the public domain [1] since 1995; it is compiled and maintained by the LOINC Committee at the Regenstrief Institute, a private non-profit research organization at the Indiana University School of Medicine (IUSM) in Indianapolis, United States, supported by representatives from research, industry and the US government [2] .
How LOINC came to be
The origins of the development of LOINC date back to the year 1983: In this early phase of computer use in medicine, C. McDonald, later the "father of LOINC", and colleagues at the Regenstrief Institute of the Indiana University School of Medicine pointed out in an editorial to the American Medical Association (AMA) that -in addition to other identifications, for example for exchange formats and patient identifiers -there is a necessity for a set of unequivocal identifiers for clinical observations to make a future automated data exchange between medical computer systems possible. McDonald drew a parallel back then to grocers, who introduced universal food product codes nationwide in the 1970s, paving the way for electronic cash register and merchandise management systems in food retailing. Similarly, in the midst of the era of the first, still purely mainframe-based patient record systems, McDonald saw the perspective for medicine -falling hardware and software costs would soon lead to the situation that every physician's However, this approach proved itself to be insufficient, especially since it lacked an unequivocal standardization of other clinical variables [4, 9] .
In parallel to these developments in the US, the European Union began promoting the Advanced Informatics in Medicine (AIM) framework program during the second half of the 1980s (1988 -1990 AIM I, 1991 -1994 . In the context of the so-called "AIM Exploratory Action", 42 projects were funded from the beginning of 1989 onwards; which in many aspects developed important foundations for health telematics in Europe [10] [11] [12] .
Within this framework, the EUCLIDES project (European Clinical Laboratory Data Exchange Standard) developed a European standard for the exchange of clinical laboratory data between various medical information systems in different European countries and languages. EUCLIDES also dealt, as ASTM E31.11 did, with all questions of data transfer mechanisms and message syntax -as well as with the development of a medical code system for use in these messages [13] [14] [15] . It is interesting that here, in addition to the communication of findings in the context of patient care, further areas of application for standardized laboratory data exchange have already been addressed: external quality assurance, interfaces between analytical instruments and laboratory information systems, and aggregation of data for regional and international evaluation for health system analysis purposes. The EUCLIDES semantics were initially intended to cover the areas of clinical chemistry, toxicology, hematology and immunology as well as microbiology and serology. For the EUCLIDES code system, the project group around G. De Moor developed six different vectors, which made it possible to differentiate among laboratory tests [14, 15] . This anticipated the later multi-axial system of LOINC, as shown in the following comparison in Table 1 .
With the 1994 version 4.0 of the EUCLIDES Open-Labs Coding System, >6500 codes and 40 object classes (ANALYTE, SAMPLE TYPE, METHOD, REAGENT, PROP-ERTY, UNIT, and many others) were distinguished for the laboratory especially clinical pathology area. Each object class had its own code. One lab measurement was thus expressed by several codes [15] . An example:
Haemoglobin: 02410 Haemoglobin = object class ANALYTE 01256 kg/L = object class UNITS 01062 Mass Concentration = object class PROPERTY etc.
Its own foundation was established to further develop EUCLIDES (EUCLIDES Foundation International, Belgium), and the syntactic approaches of EUCLIDES flowed into the work being done at that time by the Technical Committee for Health Informatics (TC 251) of the European Committee for Standardization (Comité Européen de Normalisation, CEN) on an EDIFACT-based European messaging format for healthcare system. Early on, this led to contact and cooperation between EUCLIDES and ASTM E31.11 in the US.
An analysis by the Board of Directors of the American Medical Informatics Association (AMIA) in 1994 represented an important basis for further work in the US; this identified the areas of application for which suitable code systems were already available in the context of electronic communications among hospitals, medical practices and diagnostic laboratories, as well as in the development of electronic medical records. For diagnostic procedures and examinations, the analysis came to the conclusion that there was still a lack of suitable identifiers which could be used in particular in the newly established HL7 syntax at that time; it was urgently necessary to define these centrally [16] . The EUCLIDES approach was seen as important groundwork, but too complex for further work: According to the EUCLIDES terminology, each form of expression in the vectors was represented by a corresponding digit in the code, which allowed a great power and variety of concepts to be identified by codes. At the same time, however, there was no sufficiently large list of easy-to-use, medically relevant and verified pre-coordinated codes available. This led to the development of the LOINC catalog in 1995 [17] : The various axes remained, but the logic of code generation was simplified and, in particular, emphasis was placed on providing as comprehensive and unambiguous a list of diagnostic observations and measurements of practical relevance as was possible -including beyond the laboratory sector. A first version of this new catalog was published in 1995 [2] .
Since 1995, LOINC has proved itself in many systems and hospitals in the US, and also internationally, especially for the clear identification of laboratory and vital parameter determinations. More areas of application were soon being addressed with the growing LOINC catalog, such as, for example, clinical observations and medical documentation, electrophysiology and radiological and microbiological examinations [18] .
Further development of LOINC into the "lingua franca" of clinical data exchange
The Regenstrief Institute makes the LOINC catalog available for download on a separate website as an access database as well as in other file formats (TXT or CSV, PDF) [1] . Every year, one or two update versions are published, which incorporate new codes and examinations and, to a lesser extent, obsolete entries are also removed or supplemented. In this process, the scope of the catalog has increased considerably over the course of the past almost 25 years: While version 1.0 was published in April 1995 still with 5900 entries, the database version 2.6 in June 2019 included around 91,388 entities. Figure 1 illustrates the evolution of the database (according to [19] ).
In addition to the database and the LOINC manual, which provides the definitions and application instructions, the Regenstrief Institute provides a variety of other auxiliary tables and tools all around the use of LOINC, including frequently asked questions (FAQs), training materials (slides), online training and testing routines. In particular, the software tool RELMA (REgenstrief LOINC Mapping Assistant) helps to find the appropriate identifier for a local examination in the very extensive LOINC database and to save the assignments. It also offers additional logic and hierarchical drill-down mechanisms. RELMA thus offers support for mapping to LOINC that goes beyond the native database.
The codes as well as the tools are copyright protected, but may be used freely if you adhere to the prescribed rules.
In principle, LOINC encodes only the semantics of a clinical examination or observation; in many cases this can be expressed by a single LOINC code. Accordingly, LOINC can be used with virtually any communication protocol and any messaging and document standard [27, 28] : -HL7 V2 (OBX Segment Field OBX-3.1 = Observation Identifier) -HL7 CDA -HL7 FHIR -LDT (field 8410 = "Test-Ident") -communication protocol used in the sector of German statutory health insurance (SHI) accredited physicians --CDISC LAB, with restrictions also CDISC SDTM -CCR -open EHR -Integrating the Healthcare Enterprise (IHE) profiles
It is important that an identification can be transmitted that the code used for the investigation is a LOINC code. To the extent that the respective protocol allows, the LOINC code can also be transmitted in addition to a readable proprietary display name that corresponds to the respective domestic usage. Accordingly, LOINC has been recommended for use early on, since the 1990s, by professional associations in the US and international standardization initiatives; thus, for example, HL7 and the IHE recommend LOINC as the preferred code system at least for laboratory data. Since 2005, CDISC has also referred (as part of the cooperation begun with HL7) to the potential for using LOINC codes within the CDISC formats; the Food and Drug Administration (FDA) is considering recommending the use of LOINC submission of drug approval studies. Finally, since 2012, there has been formalized cooperation on an international level between the International Health Terminology Standards Development Organization (IHTSDO, also known as SNOMED International), which publishes SNOMED CT under license, and the Regenstrief Institute, with the declared objective of establishing a uniform order entry and result reporting with both code systems and of coordinating the further development of semantic standardization. In this process, it has been made clear, firstly, that LOINC is not merging with SNOMED CT; secondly, that all rights to LOINC remain with the Regenstrief Institute and that the use of LOINC will not be affected by the license obligations for SNOMED CT [20] .
During the past 25 years, the use of LOINC in various application areas has become increasingly accepted internationally. The Regenstrief Institute states on the LOINC website that worldwide there are around 85,000 LOINC users in 176 countries, whereby LOINC has become the "lingua franca of clinical data exchange" [1] .
Construction and structure of LOINC
The construction and structure of LOINC are explained extensively elsewhere [19, [21] [22] [23] . Only the most important characteristics are presented here in an overview.
According to the LOINC concept, any laboratory test, clinical observation or medical examination is unambiguously described by means of six axes: COMPONENT, PROPERTY, TIME ASPECT, SYSTEM, SCALE TYPE and METHOD TYPE. These six axes are represented in corresponding columns of the LOINC database (see Figure 2 , according to [24] ).
With regard to the sixth axis, the method of examination, it is restrictive that this is only to be indicated as far as it is necessary for the unambiguous determination of the measurement or examination in question and this distinction has fundamental clinical relevance. This column is therefore often empty. 1 9 9 5 1 9 9 7 1 9 9 6 1 9 9 9 1 9 9 8 2 0 0 1 2 0 0 0 2 0 0 3 2 0 0 2 2 0 0 5 2 0 0 4 2 0 0 7 2 0 0 6 2 0 0 9 2 0 0 8 2 0 1 1 2 0 1 0 2 0 1 3 2 0 1 7 2 0 1 2 2 0 1 6 2 0 1 5 2 0 1 9 2 0 1 4 2 0 1 8 Together, these six axes yield, according to the LOINC nomenclature rule, the unique full generic identifier for the examination ("fully specified name").
Each type of examination, measurement or observation, that differs in any of these six axes, receives its own identifier, the LOINC code [database field LOINC_NUM; hereinafter also referred to as LOINC-ID if used as an identifier in data transmission and data pooling], and its own entry in the LOINC database. The LOINC codes are assigned consecutively for the entries; the codes do not reflect relationships between concepts, unlike, for example, in a classification. It consists of a numeric multi-digit code with a trailing check digit, which is formed according to a Mod10 algorithm. The procedure is described in the Regenstrief Institute's LOINC User Manual and by the LOINC Committee [21] .
In summary, each clinical observation or medical examination is thus represented by seven elements: the preceding LOINC code and the formal name consisting of the six axes described above ("fully specified name"). Figure 3 illustrates this using the example of (semi)quantitative measurement of urine sugar by means of test strips (according to [19] ).
By means of the six axes, it is possible to distinguish among determinations of the same substance, for example glucose, in different testing materials, such as in serum, urine or cerebrospinal fluid, and also by means of different methods, on various scale types and in various properties. Conversely, it is necessary to know and define all six axes in order to clearly arrive at the correct unique LOINC code for the examination in question. In the PROPERTY axis, only the property is clearly defined -not the dedicated unit of measurement or its notation. If, for example, you consider a glucose measurement, it can thus be shown that the determination of a molar substance concentration [PROPERTY = SCNC] will be distinguished from a mass concentration [PROPERTY = MCNC]; both determinations thus receive different LOINC codes in the same sample type. For the latter, however, it is irrelevant to the uniqueness of the LOINC code whether this is given in the unit g/L or in mg/dL, and how these units are expressed in machine-readable form.
To obtain internationally unambiguous machinereadable coding of units of measurement in order to transmit findings, it is recommended to likewise use the standard unified code for units of measure (UCUM), also issued by the Regenstrief Institute [25, 26] .
Lists of common UCUM terms are delivered along with the LOINC accessory files, and there are tools to help you assign the correct UCUM unit to a given PROPERTY and vice versa when using LOINC. However, the unit of measure is not a defining component of the LOINC code.
In addition to the cited seven defining components, there are many more fields for each entry in the database, which vary considerably in number over the versions of the database; however, these do not contain any further definition criteria, but rather merely facilitate dealing with and doing research in the database. These include fields with alternative identifiers and functional synonyms, fields for arranging the catalog into specific classes (e.g. "laboratory" vs. "clinical"), fields with supplementary linked information on a substance or determination (e.g. species information, chemical formulas, and in previous editions of the database also molecular weights, and mappings to other code systems such as SNOMED CT or EUCLIDES), as well as fields that serve the traceable version management of the LOINC database. As a general rule, LOINC codes are never reassigned or deleted; rather they are left in the database for reasons of making the different versions traceable, but put into a non-active or nonrecommended status. For fields that are no longer active or no longer recommended, there is moreover a recommended mapping in the database to the corresponding new LOINC codes. If the required entry is missing for a tobe-coded examination, then the inclusion of a new code in a regulated procedure can be requested from the LOINC Committee. In this process, the new inclusions do not follow theoretical considerations, but the practical needs of the international community.
Challenges and improvements
A significant challenge in the use of LOINC lies in the enormous scope and power of the catalog: It makes possible a highly granular description and unequivocal identification of examinations, observations and measurements in what has meanwhile become more than 90,000 concepts. The scope of application extends not only to laboratory parameters but also to vital signs and other clinical properties. The breadth of the vocabulary achieved is impressive -almost every variant for every examination or observation can be found in the catalog. The breadth of being able to map almost everything is an advantage on the one hand, but at the same time also a complication: When determining which LOINC code represents an examination which is to be documented, it requires a precise selection from the existing vocabulary. The "mapping" of the local examinations and measurements to the LOINC nomenclature therefore becomes a time-consuming step requiring both medical domain knowledge and an equal knowledge of the LOINC logic. The following example illustrates just how great the mapping-related "agony of choice" in the LOINC database is, due to the very large set of pre-coordinated concepts and codes: For all practical variants of glucose determinations alone, the LOINC database offers around 140 entries -and thus alternatives to choose from. This does not even take account of the glucose tolerance tests (CLASS = CHAL) -for this purpose there are another some 560 codes availableor the many determinations of the glucose-converting enzymes. For different glucose determinations in serum or plasma alone, about 20 codes are available [19] .
Accordingly, the LOINC Committee has in recent years gradually expanded the potential ways of supporting mapping and reducing mapping efforts, including by the constant development of the RELMA tool and the introduction of mapping to "display names" and "consumer names", as well as by showing references and hierarchies within the catalog. These possibilities have been expanded by the introduction of "LOINC parts" in recent years.
For this purpose, a single part of a LOINC name, a dimension of the "fully specified name", is considered a "LOINC part" and represented by an "LP code". For example, glucose -a COMPONENT, a dimension of many LOINC terms -has the LP code LP14635-4. Thus it is possible to represent, independently of synonyms and natural languages, the common feature in many LOINC entries, that glucose is to be measured. The same can be done for the other dimensions or axes of the relevant LOINC terms. Accordingly, you can also re-assemble them from the LP codes. Thus, for example, for the glucose determinations in serum, emerges as mass concentration (LOINC code 2345-7) or as molar substance concentration (LOINC code 14749-6): -L P 3 1 3 8 8 -9. L P 3 1 3 9 9 -6 . L P 1 4 6 3 5 -4 . L P 4 2 1 0 7-0,7,LP42107-0, 2345-7, Glucose SerPl-mCnc -L P 3 1 3 8 8 -9. L P 3 1 3 9 9 -6 . L P 1 4 6 3 5 -4 . L P 4 2 1 0 7-0,9,LP42107-0,14749-6, Glucose SerPl-sCnc
The "LOINC parts" are used in the maintenance of the LOINC catalog for algorithmic generation of names, for synonym management and for translation, and also for mapping multi-axial hierarchies. These are managed outside the LOINC catalog in their own tables. In particular, the RELMA tool database uses these and other options to map hierarchies and references. One of the most recent developments is the concept of the "LOINC groups", introduced in 2017, which is of particular interest for all questions concerning data aggregation and the evaluation of aggregated data sets. The core idea is to use the "LOINC Groups", which are available either as LOINC Groups File in table format or as FHIR ValueSets, to combine similar LOINC entries in a cascaded approach ("ParentGroups" -"Groups") for generic questions and to express them with uniform identifiers in order to exchange such groupings in a machine-readable and interoperable way. Both for order entry processes as well as for research evaluations in particular, a certain lack of detail may be necessary to be able to aggregate data without having to go to the granularity level of each LOINC code. For example, it may be irrelevant for evaluations of the number of glucose determinations performed in blood whether they were performed in specified venous blood or in unspecified blood, serum or plasma (all of which have their own LOINC code). Such an analysis can draw on a now standardized "LOINC group", which can be unambiguously expressed by a "Group ID". In Version 2.66 of 2019, there are already around 6500 such "LOINC groups" (with about 25,500 terms included) available. However, a reality check of the usefulness and manageability of this mechanism in medical research projects is still pending.
For non-English-speaking countries, there is still the obstacle of translating the LOINC catalog into the respective national language. RELMA can use translations of the LOINC terms, to the extent these are available. This enables the user who is searching for medical terms in his own language to find quickly and unambiguously the correct LOINC term for the examination or observation which he would like to map in his documentation or data communication.
Distinction from NPU, SNOMED CT and CDISC
Nothing is more problematic for standardization than a variety of rival offerings from different standardization organizations: Freedom of choice and uncertainty lead to variance or even to waiving the introduction of standards. This can only be resolved by binding definitions and governance. The old sentence attributed to different authors applies: "The problem with standards is that 's' at the end".
Such double offerings as well as overlap between different terminologies also exist in the field of laboratory data. In particular, NPU and SNOMED-CT are to be mentioned here, as well as partially CDISC, Standard PREanalytical Code (SPREC) (see below), DICOM and coding systems and billing code numbers for procedures. Only worth mentioning for historical reasons are the semantic data standards VITAL (Vital Signs Information Representation, CEN ENV 13734/35, today a component of ISO IEEE 11073) in the field of electrophysiology [29] , Read Codes (published in the UK in 1986 and today replaced by SNOMED CT in the NHS sector) [30] as well as Names-Lab©, a French development parallel to LOINC and NPU, which in particular addressed the laboratory order entry process, but did not become established [31] . SNOMED CT has already been gone into. In principle, almost every pre-coordinated term in the "big hawker's tray"-like LOINC catalog can also be expressed post-coordinated as a SNOMED CT term. In addition to the licensing framework conditions, it remains open whether the usage of the distinctly more powerful but also more complex SNOMED CT tool is in all cases the correct answer to the fact that already the complexity of mapping to the much simpler LOINC nomenclature has so far been one of the main obstacles to further dissemination. For some cases of application, however, the use of SNOMED CT instead of LOINC or a combination of both in fact may be advantageous: Thus, there are increasing numbers of project experiences and recommendations that in the microbiological analysis of different pathogens, the latter should not be represented by individual LOINC codes, but rather the pathogen should be understood as the result content and expressed using SNOMED CT terms. Similarly, SNOMED CT terms can be used more meaningfully to express anatomical details of a sample [32] . Both ways are certainly transferable and interoperable, given the international cooperation already mentioned [20] . It will be important that, with the desired convergence, fundamental changes in standards and thus problems with backward compatibility be avoided in order to create confidence in the future-proofing and manageability of these standards.
In contrast, NPU (Nomenclature for Properties and Units) is a development completely parallel to LOINC: NPU goes back to the first considerations of Dybkaer and Jørgensen for the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) and the International Union of Pure and Applied Chemistry (IUPAC) of 1966, on to how quantities and units in clinical chemistry could in principle be expressed in an internationally uniform way [33, 34] . On the basis of these repeatedly updated recommendations, IUPAC and IFCC on their part published an international standardization recommendation for syntactic and semantic specifications for measurements and units in clinical laboratory medicine in 1995 [35] and developed it further in a series of technical papers and recommendations during the following years into the Nomenclature for Properties and Units (NPU) [36] [37] [38] [39] [40] [41] [42] [43] . In 1997, this term was used for the first time and NPU codes were spoken of, derived from the name of the responsible joint IFCC and IUPAC boards, the Committee on Nomenclature, Properties and Units (C-NPU) [36] . In contrast to LOINC (and for example, also to the Read codes and EUCLIDES), computer-based data exchange was not the initial focus. Around the year 2000, however, this standardization approach of international chemical associations was also taken up in international health telematics.
NPU is a multi-axial catalog for laboratory determinations (but does not go beyond this) and therefore shows similarities to LOINC (for comparison see Table 2 ). Here again, various dimensions related to the LOINC approach were summarized in one code: -System (examined material) -Component (analyte) -Type of property -Measurement result (number of digits of a numerical value and unit) -Comments, if applicable All dimensions can rule-based be extended by specifications and thus be hierarchized. Within the dimensions, the general rules of the IUPAC nomenclatures are strictly applied. The NPU code expresses the information on the system, component, property and unit in a number -five digits which are identified with the prefixed letters "NPU" [43] [44] [45] [46] . -Example of a NPU code: glucose in serum:
-NPU02187 B -Glucose; subst. c. = ? mmol/L -NPU code + short definition NPU is also made available as a database or table-based code list in the public domain. The catalog also displays a versioning of the codes that go back to the first release in 1996. The current database contains 27,226 (valid and historical) codes. Translations from English into some other languages are available. German experts were involved in the development of NPU [46] , but so far there is no German translation. NPU was developed, as described above, within an international framework, but it was strongly influenced by European-Scandinavian input from the start. As a consequence, Denmark and Sweden have early adopted NPU as part of their national e-health strategies. The Danish health authorities are also responsible for the international publication of the NPU database and maintain a central website on NPU terminology [47] . NPU therefore is a serious alternative candidate to LOINC, which, like LOINC, is already being considered in some countries for their respective national e-health strategies. In order to avoid uncertainty and divergent developments, in 2009 IHTSDO and the Regenstrief Institute endeavored to bring about cooperation and convergence with C-NPU [48, 49] . Irrespective of the willingness to cooperate, there are two different catalogs, and each project, as well as the entities responsible for national specifications, must consider which catalog to use.
In the German-speaking countries, the first such assessment was made at the start of the previous decade by the Swiss CUMUL project (see below) of the Centre Suisse de Contrôle de Qualité, which decided on LOINC for pragmatic reasons: NPU is held to indeed be more coherently defined, but at the same time, in practice it effectively excludes all usual tests which do not follow the IUPAC rules in nomenclature and units. Furthermore, all clinical observations outside the laboratory chemistry, to which NPU is by definition limited, are excluded. The greater flexibility in perspective to obtain codes for missing terms, the greater scope of the database and the perspective for transatlantic standardization all spoke for LOINC at the time [51] . Sixteen years later, a similar assessment is also the basis for the definitions of the German Medical Informatics Initiative (MII) (see below): Bietenbeck et al. compare in detail the representation of laboratory data when using LOINC, NPU and SNOMED, and additionally emphasize that NPU supports the most consistent metrology and expresses both the analysis as well as the result value, whereas LOINC merely represents the analysis and allows a greater degree of freedom in terms of the units -for which reason additional definitions, for example on UCUM, are required. Both approaches, in contrast to SNOMED CT, do not provide any relations between their codes, which is something that LOINC cures with its "LOINC groups" approach. Overall, LOINC offers the easiest manageability [52] . Therefore, in the European region it will therefore remain an important task to consolidate the different national preferences for NPU (e.g. Denmark) or LOINCs (e.g. Switzerland [53] , Austria [54] , long before Germany) in an interoperable way and to provide manageable services for mutual transfer, in order to ensure cross-border data traffic in the EU on this point.
There have also been obstacles in the area of clinical research for a long time, due to overlap of standards: The family of CDISC standards, which is particularly widespread in the pharmaceutical industry and among regulatory authorities, defined its own CDISC Controlled Terminology in its specifications, and the most common CDISC data format relevant for clinical trial submissions in the field of clinical research, CDISC Study Data Tabulation Model (SDTM) Data Exchange & Tabulation Standard, initially did not provide for the use of LOINC. In addition, structures of the CDISC SDTM fields -unlike those of CDISC LAB -were defined in such a way that they, along with LB.LOINC, the data element of LB domain introduced in the meantime, do not allow a completely disjoint mapping of LOINC axes [55] . In 2015, the FDA announced in the US that it would not only accept LOINC in the submission data of clinical trials, but also would call for the use of LOINC [56] . In 2017, a joint LOINC working group of the FDA, NIH, CDISC and Regenstrief Institute published a joint recommendation on how to map LOINC to the various CDISC SDTM variables and developed mapping guidelines based on the subset LOINC 2000+ [57] . Starting from March 2020, the FDA will be considering LOINC as the expected format for laboratory data from clinical trials. A further convergence and a greater significance for LOINC in the field of drug approval and regulatory affairs is therefore also to be expected internationally.
The benefits of LOINC: data integration and data pooling
The benefits of LOINC standardization are particularly evident where clinical data (laboratory determinations, vital signs, clinical assessments and other test results) from different sources (submitting laboratories, subsystems, direct data transfer by medical examination equipment, manual entry into the relevant database, etc.) are to be merged and therefore should be consolidated (see Figure 4 , according to [27, 28] ).
The use cases are manifold: -hospital information systems and medical practice systems in communication with external diagnostics; -PDMS systems in anesthesia and other clinical documentation systems with broad direct connection of measuring devices; -telemonitoring control centers that receive data from various sensors and diagnostic systems;
-the patient's personal health records which are intended to take over data from various service providers; -study clinical trial databases and other research databases that consolidate data in multi-center research projects; -data consolidation as part of quality assurance; -data consolidation in the context of public health and health reporting.
In all the scenarios listed as examples, the receiving and data-converging IT systems benefit when LOINC-standardized clinical data is to be transmitted, thus making it possible to avoid manual effort and assignment errors. The prerequisite is, of course, that the sending systems are able to transmit (correctly mapped) LOINC codes along with their data results. For laboratory medicine, and also for intensive care medicine -both of which use a high rate of instrumentbased diagnostics, each time with different data sources -there are highly relevant scenarios that would benefit from the use of LOINC: -electronic transmission of laboratory results data (observation reporting), for example in the communication between the laboratory information system and the hospital information system; -laboratory requests as part of a fully electronic order entry process (where the request often requires a lower level of granularity of the coded information than the transmission of findings -which is why the multiaxial hierarchy and LP codes in the LOINC system are particularly important for this purpose); -data pooling in inter-laboratory comparison tests within the framework of quality assurance in laboratory medicine; -accounting and billing of diagnostic services -which requires appropriate mapping to accounting systems and billing code systems; -export of data for medical research purposes (clinical research, health services research); -as well as the prospective export of data to the patient or the citizen himself -to support automated transfer into layman-friendly texts via a LOINC standardization. 
Implementation of LOINC in Germany
The first German-language application of LOINC was made in Switzerland: As part of the CUMUL project of the European Laboratory Medicine (ELM), a first preparatory work in Europe in this field which started in 1997, LOINC codes were selected, annotated and trilingual translated -including into the German language -for purposes of laboratory quality assurance in the Quality Control Center Switzerland (CSCQ). The intention was to establish permanent "reportable names" for the selected LOINC terms, all of which are from the "Laboratory LOINC" area, as identifiers in four languages (English, French, German, Italian) [50, 51, 58] .
In 2000, the HL7 user group made LOINC known to the broader professional public in Germany in its communications for the first time [59] .
German standardization committees (DIN NAMed FB G 1 & G 3, HL7 user group) subsequently made references to LOINC and in 2001 came the first industrial implementations in projects and products as well as the first use of LOINC in routine clinical operations, first in laboratory medicine in the Westphalia State Insurance Institution [24, 27, 60] and in 2002 at the Kiel University Hospital, where a complete LOINC mapping of all parameters of the central laboratory, including transmission of LOINCstandardized data to the subsystems at the clinical workplace, was done for the first time in a routine operation at a university hospital in Gemarny [28, 61] . Parallel to this, the evaluation of LOINC began in a clinical pharmacology treatment-monitoring project at the Erlangen University Hospital. Somewhat later followed the usage of LOINC in research and care in anesthesia and intensive care at the Jena and Gießen locations [62] . Some groups of laboratory physicians and the German National Association of Statutory Health Insurance Physicians (KBV) sporadically tested with LOINC in order to review its use in the general practice area. In 2003, the software product manufacturers also began consultations on this subject within the Association In early 2004, an informal "LOINC User Group" was brought into being, where there was an exchange of experiences among users from the various domains [63] . In 2005 followed the founding of the "Standardized Terminology in Medicine (STM)" project group within the German Society for Medical Informatics, Biometry and Epidemiology (GMDS); at the end of 2006, the Technical Committee (TC) Terminologies of the HL7 User Group Germany was founded (later part of the Joint Interoperability Forum of HL7 and IHE Germany). All groups contributed to the exchange of experiences, which initially focused on the use of LOINC to transmit findings in the clinic laboratory [64] [65] [66] and only considered order entry processes somewhat later [67] . A first migration of a laboratory system was implemented in 2006 while retaining the LOINC-standardized interface with the clinical workstation system -almost without the users at the clinical workstation noticing -because the transmitted data retained the same semantics [65, 66] . Considerations of using LOINC for a cross-border standardized schedule of services for billing purposes [64] , however, were not pursued. The German Federal Agency for Medical Documentation and Information (DIMDI) was motivated to also look into LOINC within the framework of classification systems not stipulated by law [68] . Since 2005, DIMDI has been hosting the LOINC catalog for Germany, providing some basic information and acting as a contact point for reporting missing codes to the Regenstrief Institute [69] . In 2005, the LOINC User Guide was translated into German and made available on behalf of DIMDI [70] . In 2007 and 2009-2010, DIMDI carried out the translations of part of the LOINC terms into German, using preparatory work by the Vienna Hospital Association from Austria and from the afore mentioned projects in Germany, and also from the Swiss CUMUL project. The translations were subjected to both terminological and medical quality assurance. The translated LOINC terms are today part of the RELMA database. However, these are only available for a smaller part of the LOINC database and have not been maintained up to the present. Also, despite existing obstacles to the use of LOINC, competencies for using the RELMA tool were developed comparatively late due to the mapping effort involved [71] .
In the field of medical research, notice of LOINC was initially delayed, especially in the area of clinical trials, where other standards and terminologies were in the foreground (e.g. the CDISC standard family, MedDRA, ATC; and additionally SPREC in the biobanking area). In January 2007, an expert workshop, initiated and organized by the Technologie-und Methodenplattform für die vernetzte medizinische Forschung e.V. (TMF) in cooperation with GMDS and HL7, initiated expert discussion on the prospects of using the terminology in medical research and what strategic definitions would be necessary for this [72] . The potential of LOINC for research was explored for the first time; with particular interest in the extent to which LOINC can be used within the CDISC standards by both the pharmaceutical industry and the academic community, as part of a future "common language" for research and health care [73, 74] . The German-speaking CDISC user group also started to address this issue in their meetings in 2009. Likewise, a metadata repository (MDR) jointly developed by several academic partners under the umbrella of the TMF provided for the possibility of referencing LOINC, which in principle would allow the reuse of already LOINC-standardized data elements for research projects.
Despite all these initiatives by experts, the routine use of LOINC in Germany has hardly progressed for several years. The degree of use barely increased between 2003 and 2013, although already early on there had been no lack of corresponding recommendations in strategy papers on health telematics and e-health in Germany. From the Telematics Expertise of the German Industry 2003 [75] on the first state-mandated "bit4-health" concepts to introduce an electronic health card starting from 2004 [76] up to the E-health Planning Study on Interoperability of 2014 commissioned by the German Federal Ministry of Health (BMG) [77] -LOINC has always been mentioned as the most important element for creating semantic interoperability and its (mandatory) implementation for specific documentation areas has been demanded. The fundamental importance of a controlled vocabulary for the benefit of a telematics infrastructure in health care was pointed out at an early stage [78] . A TMF expert study commissioned by the German Federal Ministry of Health (BMG) on terminologies in the German-speaking countries offered the analysis, in the TMF's resulting recommendations in 2015, that in Germany, due to a lack of commitment or incentives for remuneration, there had been no successful dissemination of an international standard for routine operations in Germany, except by the International Classification of Diseases (ICD). Despite its free availability and relatively good controllability, LOINC is developing slowly in the market. Against the background of European Commission initiatives such as Smart Open Services for European Patients (epSOS), in which LOINC codes for the value set were also provided for any crossborder treatment-related data exchange, trans-national cooperation among Germany, Austria and Switzerland was recommended [79] . Austria and Switzerland have implemented these European impulses more quickly and declared that the transmission of LOINC-coded laboratory data is obligatory for some sectors of their national EHR projects (ELGA or ePatient dossiers) [53, 54] . For Germany, on the other hand, it was necessary to put it on record in the most recent recommendations for handling big data in the health sector, commissioned by the German Federal Ministry of Health (BMG) that, due to the lack of binding provisions at the national level and due to the lack of an e-health strategy including aspects of medical research, there is no change to the fact that the use of international semantic standards (such as LOINC and SNOMED CT) continues to make little progress, and that the use of existing data in the health sector is thus susceptible to being hindered [80] .
An inventory at the end of the last decade has shown little routine use, but some experience and a great deal of potential for using LOINC in a variety of applications [81] : -laboratory medicine; -intensive care; -medication safety (Arzneimitteltherapiesicherheit [AMTS]); -physician's discharge letters and medical documentation; -scores and assessments; -clinical and epidemiological research.
To these was added the first experiences in the field of microbiology and health reporting (electronic pursuant to the Infection Protection Act [82] ).
Overall, LOINC use in Germany has lagged far behind that in the US over a number of years. Only in recent years has there been any intensification of LOINC usage. At the same time, it is interesting that "Laboratory LOINC" is not the focus of interest, but rather the concepts in "Clinical LOINC" for the simple coding of medical documents and segments in medical documentation, also for categorizing documents in a hospital information system [83] .
The more CDA documents with structured medical content are used, the more frequently LOINC codes and the LOINC clinical document ontology will also be used in German projects and specifications. With the increasing use of HL7 CDA and, in the past 3 years, FHIR, Laboratory LOINC codes have also found increasing usage, for example in protocols for emergency medicine [84] .
By means of current legislation in Germany (E-Health Act [EHG], 2015; Appointment Service and Health Care Act [TSVG] 2019; Digital Health Care Act [DVG] 2019) not only has a comprehensive electronic patient record been introduced for all insured persons in Germany, but also the National Association of Statutory Health Insurance Physicians (KBV) and the Gematik, the German Agency for Telematics Infrastructure in Health Care, have been given the authority to determine how to define the contents of the electronic patient record and to establish standards. It is to be expected that this will result in a significant boost in the coming years, which will further advance laboratory data standardization in Germany using LOINC.
Impulse from research: the German Medical Informatics Initiative (MII)
The most important impulse for using LOINC in Germany is currently coming from medical research. This approach is special to the extent that developments and strategies in other countries were based almost exclusively on patient care, in some cases even explicitly excluding research questions. Since 2016, the German Federal Ministry of Education and Research (BMBF) has been supporting the German MII. The objective of the MII is to make data from patient care accessible for medical research, to strengthen data sharing across locations and to establish the necessary infrastructures for this purpose [85, 86] . In a nationwide project framework designed to last a decade (2016-2025), the first phase will focus on university hospital in-patient medicine: Almost all German university medicine locations participate in this initiative and are setting up Data Integration Centers (DICs), which take over the tasks of data extraction from the primary systems, annotation, processing and data provision. In four consortia they are working on various scientific focal issues and use cases [87] [88] [89] [90] , but are also jointly working on a nationwide cascaded infrastructure, which includes a standardized patient informed consent and terms of use, as well as a central process for data application in federated data management [85] .
The impulse on standardization is based on the fact that a common core data set is to be defined and set up for all university medicine locations. This will be successively harmonized on a module basis and made available at all participating locations [91] . HL7 FHIR has been designated by the MII's National Steering Committee as the standard to be used for implementing the MII core data set. ART-DECOR is to be used as the tool for dataset modeling and Simplifier/Forge as the tool for creating and publishing FHIR profiles.
Laboratory data are an important basic module of the core data set. The National Steering Committee has stipulated the use of LOINC and UCUM for this purpose. The laboratory analytes -which previously were indeed digital and structured, but coded for the specific location and laboratory -could now be standardized and consolidated across locations. This should make laboratory data available for later research analyses, along with analysis names with unique LOINC ID, examination date, measurement value of the examination with standardized unit, scale type and information on the reference range and interpretation of findings.
This standardization should not be carried out post hoc in the data integration centers' research database, but preferably in the primary systems. The lab data appear to be particularly suitable for use as an starting point to the harmonization of data sets for data integration, because (a) they are collected on a broad basis from virtually every hospitalized patient, (b) are present in already structured form and (c) are essentially obtained by means of apparatus, that is, the introduction of nomenclatures in the data collection does not interfere with the working and documentation processes by the medical staff [91] .
However, the university hospital laboratories in particular have a very large repertoire of analyses performed (up to 12,000 different analytes), of which a large number are only rarely requested and performed and in addition frequently require complicated mapping to LOINC codes. Mapping the entire repertoire to LOINC would therefore require laboratories to expend a lot of effort, which would be countered by limited usefulness: Vreeman et al. were able to show, as early as 2007 in the US -based on an analysis of the laboratory outcome determinations at five different laboratories -that only 2% of the total examination types in a laboratory's repertoire accounted for 80% of the tests carried out and 20% of the examination types already accounted for 99% of the determinations [92] . This suggests that the entry obstacles to LOINC mapping be lowered in the laboratories and that matters should start with a subset where the scope of analytes to be mapped is limited, but the coverage already exceeds 80%. This is the principle followed by the MII in Germany: It was decided to start the mapping at all university hospitals with a "LOINC TOP 300" subset, which should already exceed beyond the 80% proportion in German university hospitals. The determination of this subset, which was to comprise 300 types of determination, was carried out by a preliminary analysis at five locations; this identified and compared their most frequent determinations together with their respective proportions in the total number of analyses. In case of variances in the scale type and units or in the system being examined, all relevant codes in the subset were included, so that, per determination, a total of somewhat more than 300 LOINC codes are contained in the TOP 300 subset. Details on the quantity analysis and the definition of the subset will be published soon; data sharing and initial cross-location analysis by means of these data sets (laboratory data module and other basic modules of the core data set, such as diagnoses, procedures, medications) of all university hospitals are scheduled for 2021.
It was possible to expand this standardization initiative beyond the MII at an early stage: In addition to the standardization organizations (HL7 Germany, IHE Germany), actors from patient care (professional associations, specialist societies, the federal institute DIMDI, the KBV) were won over to cooperation, which on its side is currently defining the contents of the state electronic patient records on a statutory basis. By means of cooperation among the responsible institutions in patient care and medical research, there is as great an opportunity to make significant progress in the standardization of laboratory findings data and in the use of LOINC in Germany as there has been in the past almost 20 years.
Perspective for medical research and biobanking
The use of uniform identifiers for laboratory determinations on the basis of internationally agreed standards is of considerable importance for medical research: -Laboratory data is highly relevant for a variety of research questions. -Especially for larger, cross-location research projects and multi-center studies, it is necessary to consolidate the laboratory diagnostic data from different data sources. For this merging a uniform identification of mergeable analytes is necessary. -In the context of research, cross-border use and international evaluation of data is even more relevant than in patient care. Therefore, an internationally uniform identifier is required for laboratory data.
These fundamental concerns of medical research are experiencing a new dynamic through two developments: big data and FAIR explanation follows in detail in the next section. New high-throughput mass data-processing techniques have created big data technologies capable of linking and analyzing large and heterogeneous amounts of data, partly in real-time applications, and thus providing a new basis for artificial intelligence (AI) applications. Big data technologies that make the data processable will therefore increase the need to combine data from different data sources. However, one of the insights gained from the use of first industrial products (for example, IBM Watson) is the fact that big data technology and AI by no means make the standardization of data -and indeed both their semantic content and technical interfaces -completely superfluous. Also, the problem of the quality of unstructured data for AI has generally been underestimated [93] . Structuring, quality improvement and standardization of clinical data, especially including valuable laboratory diagnostic data, are therefore a prerequisite for the success of AI and big data technologies -the demand will increase.
In addition, in research worldwide and across domains, the idea of enabling more reuse of research data is also gaining ground -on the one hand to achieve better data quality and traceability (through professionalized data management and data stewardship), and on the other hand to use research resources more sparingly. The focus here is on addressing a reuse of data stocks that is "machine actionable", especially in view of increasing data volumes (big data). The international GO-FAIR initiative has developed the so-called FAIR criteria, which every scientist should take into account for the research data stocks that he has set up and uses. Specifically, data sets should be F: findable, A: accessible, I: interoperable and R: reusable [94, 95] . Within a few years, the FAIR criteria have become a quasi-self-commitment in science. It is obvious that more reuse of research data increases the requirement for more standardization and that interoperability is already entrenched as an important prerequisite in the criteria. With regard to medical laboratory diagnostic data, this too will contribute significantly to the need for standardization -which ultimately always has to be implemented at the data source, i.e. in the laboratory. Obviously, it is not enough to have uniform identifiers for laboratory test and their units (by means of LOINC and UCUM): Non-quantitative results must also be expressed in a standardized way (by means of SNOMED CT). Furthermore, provenance metadata and information for assessing data quality must be recorded and carried along, for example, information on the context in which data is obtained, quality assurance steps carried out or data transformations that occur. It may also be necessary to code diagnostic processes at below the METHOD level in LOINC to ensure comparability and reusability. Overall, even for a long-established and largely unified field such as laboratory medical diagnostics, this is not a trivial undertaking, but rather a complex information model and data communication process, for which it is still unclear who bears the costs for the quality-related data collection and management on a sustainable basis. In Germany, not only the MII that is working on these issues of the future, but also the National Research Data Infrastructure (NFDI), a large-scale infrastructure funding measure of the Federal Government and the German Federal States that will be launched in 2020 and will cover all research areas.
Finally, there is another specific challenge for German health research: the German health care system is traditionally fragmented into different sectors, within which actors for the service providers and funding carriers are responsible according to the principle of self-management, while the federal and state health ministries are only indirectly responsible on many issues [96, 97] . The data sets of the German health care system follow this structure and -unlike in other European countries with strong central structures (such as the UK) or with several central patient registers (such as the Scandinavian countries) -are distributed sectorally and federally and are highly fragmented [98] [99] [100] . Thus, the data stocks in the out-patient and in-patient sectors, in rehabilitation facilities or in federal offices are by no means linked or comparable. Necessary information from these data sets, which are particularly relevant for health service research [98, 101] , must be painstakingly brought together and consolidated. In addition to the legal obstacles of data protection and the technical obstacles of record linkage, the lack of data standardization also emerges as a problem. Standardization (e.g. with LOINC for the lab data) in only one sector or partial data set has only a limited effect; therefore, nationally coordinated measures are needed to achieve the objective of increasing the use of existing data in the German health care system for medical research.
Laboratory data standardization is of potential interest also for biobanks. However, the subject of LOINC in biobanking has not yet been elucidated in the literature. Biobanks, the "biological back end of data-driven medicine" [102] , are essentially research infrastructures that store samples and make them available for research inquiries that are linked to clinical data to a varying extent. Quality assurance and standardization are therefore necessary not only in the area of pre-analytics, analytics and storage [103] , but also for data processing. IT interoperability is at the same time required for various aspects of biobanking: sample-related data, clinical annotation data, control for sample processing and storage, handling of informed consent and feedback processes [104] .
Thus far, European efforts have focused in particular on standardizing the questions of: (a) how a biobank describes itself and its sample collections, in order to make them findable, for example in national or international registers, and (b) how the individual sample collections can be characterized in such a way as to enable the identification of samples for subsequent use for specific inquiries. The first aspect has been successfully resolved internationally by the European data set coordinated by the BBMRI, Minimum Information About BIobank Data Sharing (MIABIS). A second version of MIABIS has recently been published, which makes it possible to describe biobanks, sample collections and individual studies in a biobank in a modular way [102, 105] . The second aspect is more complex. The task here is to define a standardized, searchable data set from the phenotypic data assigned to each sample, which contains the relevant criteria for searching for a sample. In particular diagnoses in ICDcoded form or, in tissue samples, information from the pathology are applied here. Laboratory data, on the other hand, are usually not used, even if these in some cases are pathognomonic and in addition represent frequent inclusion and exclusion criteria for clinical trials. As far as a biobank is not located close to the health care provider (health care-integrated biobanking) and is directly connected to a laboratory information system (LIS), these data are often not available at all.
In principle, laboratory data would be relevant as part of the annotation of samples with phenotypic clinical data. Since the biobanks act both as receivers and as senders in distributed systems and networks, LOINC standardization would be valuable in several scenarios (see Figure 5 ): 1. A biobank receives samples and data from multiple sources. Standardization is warranted for internal consolidation -in addition to ICD-encoded diagnoses, LOINC-encoded laboratory results from the clinical data on the patient or sample donor could contribute to characterizing the sample. This information can then be used in search queries for specific samples. 2. The biobank in turn provides samples and clinical data to scientists. If it has received and retained the clinical data, including the characteristic laboratory data, it can also provide it. Since receivers are likely to have problems with proprietary identifiers in automated further processing, the provision of LOINC standardization would be valuable. 3. The biobank itself acts as an analytics provider and sends newly acquired analysis data (with or without a sample) from the sample to scientists who will reuse it. Here also, the receiver benefits from standardization in further processing; here, the analysis facilities of the biobank or its "Biomaterial Information and Management System" (BIMS) would have to label the data with LOINC codes itself and maintain this coding and then provide it as well. 4. A further case for application concerns health care-integrated biobanking: in clinics, many samples are accumulated in the course of the treatment process as leftover samples, and, beyond dedicated studies, it is necessary to identify which sample is of interest to the biobank according to appropriate criteria. This must be done using information obtained as early as possible during the patient's stay. In addition to the admission diagnosis, here usually early laboratory data from the panel diagnostics are particularly appropriate parameters. Since such a selection must be made algorithmically due to the high sample volume, the criteria must be available in structured and standardized form -the latter in particular if selection is to be made according to uniform criteria at different locations and from different laboratories. Here, too, standardization by means of LOINC offers a suitable basis.
All the benefits of standardizing information in the clinical data available to biobanks naturally apply equally to other data types and standards. Of course, laboratory data are particularly relevant (also for one's own analysis), are already structured and are available on a large scale for every treatment case, and standardization with LOINC is comparatively simple, so this may be an appropriate first step for making clinical data accessible to biobanks. More complex standardizations, such as for OMICS data, will also be necessary. Overall, biobanks should therefore be seen and involved as actors in digitization, and the BIMS should be part of a higher-level IT architecture, since links to other data bases will be required in both directions: On the one hand, the access to linked data sets, for example in an electronic patient record on the donor of a sample will also be relevant for the biobank; on the other hand, the analysis data generated from a biosample will in turn also have to be available for the IT systems for patient care, medical research and, last but not least, for the patient. Of course, there are many legal and technical challenges ahead for such system and data integration [106] .
A certain amount of standardization has already been done for sample-related data, namely by SPREC, which describes the pre-analytical situation of a sample and has been internationally reconciled by the International Society for Biological and Environmental Repositories (ISBER). First issued in 2010 and updated in a first revision in 2012, the third version of SPREC was published in 2018 [107] [108] [109] .
SPREC expresses the essential critical pre-analytical variables for fluid and tissue samples in a relatively simple composed code. Table 3 and Figure 6 show the seven elements of the code system, which are expressed in one code for a sample, using different numbers of digits per code element, and thus identify the pre-analytical characteristics of the sample in a standardized and automated machine-readable manner. A relatively manageable precoordinated value set is defined for each of the seven elements; this contains the approved values and code digits and is oriented to the relevant laboratory medical and clinical pathological conditions. The number of possible values as well as the definition of the values in detail has Figure 5 : Biobanks as recipients and senders of information that also includes laboratory data. The use of LOINC to identify analyses can contribute to interoperability also in these scenarios.
changed and has been further developed over the previous versions of SPREC. Table 3 shows the respective number of allowed values per element, based on SPREC Version 3.0 of 2018 [109] .
These SPREC codes can be generated automatically, at least in part, from procedural protocols and documentation in the laboratory or pathology.
If a biobank, a clinical laboratory or a pathology institute wants to use LOINC and SPREC simultaneously, note should be taken of a semantic overlap between both nomenclatures: the TYPE OF SAMPLE element in SPREC, just like the SYSTEM axis in LOINC, represents information on the type of sample being examined. Unfortunately, there is no easy way of simple assignment here, since one or the other nomenclature describes the sample type in a more detailed and granular way The additional columns show the number of digits in the code as well as the number of values allowed per element in the respective value set (SPREC Version 3.0, 2018).
Type of prim. container
Serum separator tube (with clot activator)
Type of sample
Serum specimen
Precentrifugation (delay)
Precentrifugation delay at room temp. (RT) <2 h
Centrifugation
Centrifugation at 3000-6000 g at RT with braking
nd Centrifugation
No centrifugation (one centrifugation step only)
Postcentrifugation delay
Postcentrifugation delay between centrifugation & freezing <1 h at 2 °C -10 °C
Long-term storage conditions
Stored in straws at temp. between -85 °C and -60 °C SPREC code -example for fluid specimen: A professional, quality-assured mapping would be desirable, ideally centrally maintained in a coordinated manner (or taken into account in the future development of SPREC or LOINC), in order to be able to reciprocally support an automatable generation of SPREC and LOINC codes or partial elements of the respective code systems. In principle, SNOMED CT could be used for the transfer of one into the other, which could also fully map SPREC. However, there is a need for simple code systems in specialist sub-domains, such as biobanking, that can be managed without an IT superstructure.
Conclusion and outlook
Twenty-five years after the first publication of LOINC, the standardization of lab data will first become really urgent. Data integration will not only be the promise, but also the challenge if the coming years. Increasingly, citizens and patients themselves are becoming addressees of such offerings, now that platforms are available for them that not only generate data using smartphone-based sensor technology, but also integrate app-based data and prepare it for the citizen. The new statutory requirements for a comprehensive electronic patient record for citizens in Germany will bring new opportunities for, increased interest in and higher demands on the longitudinal consolidation, processing and presentation of citizens' health data. Such a longitudinal view will provide opportunities to close gaps between practitioners and to support treatment on the basis of data. The evaluation of longitudinal profiles also offers new possibilities for research, such as case-based reasoning and disease modeling. At the same time, new questions will arise in the course of longitudinal merging of health data in the citizen's apps or EPR: How comparable are the contents of test results from different laboratories, analytics providers and sensors -which can be consolidated thanks to LOINC-and UCUM-based standardization? Which interpretation aids must be provided to the citizen for considering such data consolidations? For networked and citizen-oriented digital medicine, laboratory data offer great potential, but also challenges to be solved [110] .
Nevertheless, the following applies: Without standardization, such a longitudinal consolidation will not succeed. It will become increasingly important that standardization will be considered not only for individual core data sets or partial data stocks, but also from a holistic approach, and matters will focus in particular on those data that are particularly relevant to everyday life for EPRs and citizens' apps. In addition to diagnoses and laboratory data, this includes, in particular, medication data, the standardized documentation of which is still considerably lacking in Germany, but where international experience with interaction and convergence of various semantic standards is certainly available [111] . SNOMED CT will play an important role here, even though not all problems will be solved by the national introduction of SNOMED CT. Besides this, Germany is not yet a member of SNOMED International and therefore not authorized to implement SNOMED CT. At the end of 2019, the Federal Ministry of Education and Research (BMBF) will initiate access to the use of SNOMED CT in Germany via the MII. Nevertheless, it is a pragmatic approach to use individual domain-specific nomenclatures (such as LOINC for laboratory data), if necessary only for certain defined parts of the documentation, in order to achieve greater acceptance and dissemination. A "one size fits all" approach would likely fail. Rather, it seems important to keep entry barriers low and technical complexity manageable. A start-up done on too large a scale will hinder taking the important small first steps. In this respect, the 1994 statement of the AMIA Board of Directors, at the beginning of the development of LOINC, should be cited once again: "The goal is to have an acceptable code system for each kind of data. It is not necessary (it may not even be desirable) to have all of the codes come from a single master code system, because computers can integrate multiple code systems easily while avoiding collisions among assigned codes by adding a code source designation. Consequently, we can create a suitable first-phase set of codes for the computer-based medical record by borrowing from many different existing code systems" [16] . These guiding principles are also valid and relevant for 2019 -including for Germany and for harmonization in the European Union. 
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